Skin age is one of the biological factors affecting percutaneous absorption. 1, 2) To regulate the therapeutic efficacy of transdermal drug delivery, the difference in skin permeability at various ages is a subject of considerable importance. We previously reported that the permeability through the skin decreases with aging, 3, 4) and that the extent of this decrease is higher for lipophilic permeants than for hydrophilic permeants. 4) We clarified that the thickness of skin strata is an important factor for limited percutaneous absorption in aging. However, other physiological changes in the skin with age, e.g., moisture content in the skin, lipid composition, lipid content, dermis thickness, and density of skin appendages, have been also reported. [5] [6] [7] [8] Therefore the age-related differences in the skin barrier function must be further investigated based on physiological alterations in the skin to elucidate the mechanisms of the age dependency of transdermal absorption of drugs.
Skin age is one of the biological factors affecting percutaneous absorption. 1, 2) To regulate the therapeutic efficacy of transdermal drug delivery, the difference in skin permeability at various ages is a subject of considerable importance. We previously reported that the permeability through the skin decreases with aging, 3, 4) and that the extent of this decrease is higher for lipophilic permeants than for hydrophilic permeants. 4) We clarified that the thickness of skin strata is an important factor for limited percutaneous absorption in aging. However, other physiological changes in the skin with age, e.g., moisture content in the skin, lipid composition, lipid content, dermis thickness, and density of skin appendages, have been also reported. [5] [6] [7] [8] Therefore the age-related differences in the skin barrier function must be further investigated based on physiological alterations in the skin to elucidate the mechanisms of the age dependency of transdermal absorption of drugs.
There have been many reports on age-related changes in the transdermal permeation of drugs, 3, 4, [6] [7] [8] [9] however, age-related changes in skin permeability have not been fully interpreted because of large interindividual variance and the limited number of model permeants. Recently, it was reported that impedance parameters can sensitively reflect the properties of skin permeation pathways. [10] [11] [12] The impedance technique enables us to determine rapidly changes in skin physical properties, and one measurement provides information on pathways for both hydrophilic and lipophilic permeants. Therefore skin impedance analysis may be a useful method to elucidate the skin barrier function at different ages.
In the present study, we attempted to apply impedance analysis to investigate age-dependent changes in permeation pathways of rat skin. In vitro skin impedance data of rats at various ages were compared. Physiological characteristics of the skin, e.g., the water and lipid content of the stratum corneum and the thickness of the skin strata, were also evaluated. Finally, we demonstrated the age dependency of relations between these electrical and physiological properties.
MATERIALS AND METHODS

Animals
Male STD: Wistar rats at the age of 5, 10, 21, 90, and 180 d (Japan SLC Inc., Hamamatsu, Japan) were used. Rats were fed commercial food pellets and tap water ad libitum. Under sodium pentobarbital anesthesia (50 mg/kg, i.p.), a round section of the abdominal skin was excised, and then the subcutaneous fat and other extraneous tissue were trimmed off carefully. The skin sample was immediately used in the following skin impedance experiments.
Skin Impedance Measurement and Analysis A sideby-side, two-chamber electrochemical cell with four electrodes, two for supplying current and two for recording signals, was designed according to the procedure of Burnett and Bagniefski.
11) The rat skin was mounted in an O-ring seal between the two chambers, each having 23 ml volume and 1 cm 2 exposed area. The current-supplying electrode consisted of 0.79 cm 2 of a platinum black plate which was fixed at each edge of the chamber and positioned 6 cm from the skin membrane according to the method of Hanai.
13) The measuring electrode was 15 mm of silver-silver chloride electrodes fabricated by the method of Janz and Ives 14) and placed at a distance of 7 mm from the membrane surface.
The electrochemical cell was immersed in a water bath at 37°C throughout the impedance measurements. The two chambers were filled with 0.9% sodium chloride isotonic solution, and then stirred at 1440 rpm with a magnetic starhead bar driven by a synchronous motor for 14 h to obtain full hydration of skin samples. Saline in both chambers was replaced with fresh solution. A sinusoidal current, produced by a signal generator (Model 33120, Hewlett Packard, Corvallis, OR, U.S.A.), was applied via a 100-kW resistor at an
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Junichi KAWAKAMI,* ,a and Isao ADACHI amplitude of 10 V to the current-supplying electrodes in the electrochemical cell. The current was determined primarily by the 100-kW resistor and thus almost constant (0.12 mA/cm 2 of skin) for all measurements. The potential difference across the skin was determined by measuring the voltage at each measuring electrode using a digital oscilloscope (Model 310, Nicolet, Madison, WI, U.S.A.). The determination was carried out over the frequency range of 10-200000 Hz, with three or four frequency points per logarithmic decade. Four thousand data points/each measurement collected on the oscilloscope at a sampling rate of 2-1000 kHz were transferred to a personal computer (PC-9801, NEC, Tokyo, Japan) for storage and subsequent analysis. The collected data were fitted to a sinusoidal function using a nonlinear least-squares method based on Berman et al.'s algorithm, 15) and the amplitude was estimated. The amplitude was converted to the skin impedance according to Ohm's law based on the constant current.
An equivalent circuit consisting of a parallel combination of resistance (R S1 ) and capacitance (C S ), which is a model of the stratum corneum, in series with the resistance (R S2 ) corresponding to the viable skin (the epidermis and dermis), as shown in Fig. 1a , was used in the impedance analysis as reported in previous studies. 16, 17) Based on the circuit, the impedance (|Z|) is given by: (1) where w is the angular frequency (wϭ2pf ) and f is the frequency. The impedance data over the frequency range of 10-200000 Hz were simultaneously fitted to Eq. 1 by nonlinear least-squares regression to estimate the values of R S1 , R S2 , and C S .
15)
Measurement of Skin Thickness
The thickness of the stratum corneum, viable epidermis, dermis, and whole skin of rats was determined according to the method of Evans and Rutter with a minor modification.
18) The skin specimen was fixed in 3% formaldehyde in 0.1 M phosphate buffer (pH 7.2) and was dipped in paraffin. The sections were cut and stained with hematoxylin-eosin, and the thickness of the stratum corneum (L SC ) and the viable skin (L VS ), composed of viable epidermis and dermis, were then observed under light microscopy (BHS-324, Olympus, Tokyo).
Measurement of Lipid Content in the Stratum Corneum
The stratum corneum of the rat skin was isolated by trypsin treatment. 19) The dermis side of the whole skin was placed on a filter paper saturated with 1% w/v trypsin solution (10000 ATEE units ml Ϫ1 in phosphate-buffered saline at pH 7.4 at 37°C in a sealed Petri dish for 8 h. After this incubation, the stratum corneum was carefully separated from the viable epidermis and rinsed thoroughly with distilled water.
The content of lipid and total lipid, and lipid composition of ceramides, cholesterol, and phospholipids in the stratum corneum, were determined. After weighing, samples of the dry stratum corneum (about 10 mg) were placed in a 10-ml glass tube with a screw cap containing 7 ml of 2 : 1 chloroform/methanol mixture and shaken for 20 h at room temperature. The delipidized stratum corneum samples were transferred to another tube, rinsed with fresh chloroform/methanol mixture, and dried to constant weight. The total lipid content of the stratum corneum was determined from the difference in its weight before and after solvent extraction. The lipid composition in the extracted solvent was also analyzed. Ceramide content was determined according to the method of Lauter and Trams. 20) Cholesterol and phospholipids were measured using the cholesterol CII-testWako ® and phospholipid B-testWako ® (Wako Pure Chemical Industries, Osaka, Japan). The lipid content was calculated in units of milligrams of the lipid per milligram of the stratum corneum.
Measurement of Water Content in the Stratum Corneum The measurement of water content in the stratum corneum was performed according to the method of Potts et al. 21) Briefly, the water content in the skin was quantified by measuring the intensity of the weak O-H stretch near 2100 cm Ϫ1 in the infrared spectra. The stratum corneum was isolated by the same method as for lipid content measurement. The stratum corneum was analyzed using Fourier transform infared spectroscopy with an ATR sampling device (FT/IR-230, JASCO, Tokyo, Japan). All in vitro spectra were obtained under ambient laboratory conditions of approximately 40% relative humidity at 25°C. The water content in the skin was calculated as the ratio of mass of water to dry mass of the stratum corneum (mg/mg).
Statistical Analyses Analysis of variance (ANOVA) with Dunnet's test in multiple comparison was used for statistical evaluation of the thickness of skin strata, lipid and water content in stratum corneum, skin impedance, and relation between skin impedance with thickness at each age, respectively. p values of Ͻ0.05 were considered to represent a statistically significant difference. Figure 1b shows a typical logarithmic plot of |Z| against f of the excised skin of rats at the age of 90 d. Three spectral regions, a horizontal impedance response at 10-1000 Hz, a rapid decline at 1000-80000 Hz, and an extrapolated horizontal line above 80000 Hz, were observed. The solid curve in Fig. 2 indicates the best-fitted data to Eq. 1. The estimated values (meanϮS.D.) of R S1 , C S , and R S2 were 1433Ϯ56 W · cm 2 , 33Ϯ4 nF/cm 2 , and 80Ϯ2 W · cm 2 , respectively. R S1 , R S2 , and C S at other ages were measured and are plotted against age in Figs. 2a-c, respectively. R S1 and R S2 increased markedly from 5 d to 90 d and then gradually to 180 d. The R S1 value was much higher than R S2 at each age. On the other hand, C S decreased markedly from 5 to 90 d and then gradually to 180 d. Table 1 shows the thickness of the stratum corneum, viable epidermis, dermis, and whole skin of rats at various ages. L SC gradually increased with age. L VS increased with age, and in particular the thickness of the dermis dramatically increased from 21 to 90 d. To exclude the effect of the thickness of skin strata on the skin impedance parameters, the relation between age and R S1 /L SC , R S2 /L VS and the product of C S and L SC (C S · L SC ) were determined and are illustrated in Figs. 3a-c, respectively. With aging, the ratio of R S1 /L SC increased, whereas R S2 /L VS and C S · L SC remained almost constant. Table 2 shows the lipid and water content in the stratum corneum of rats at various ages. The lipid composition and total lipid in the stratum corneum did not differ significantly 
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DISCUSSION
In the present study, the alteration of the electrical response of the skin with aging was evaluated using impedance analysis using an equivalent circuit, which was a parallel combination of R S1 and C S , in series with another resistance, R S2 (Fig. 1a) . This circuit is the most widely used as a simple model of an equivalent circuit of the skin. 22 ) R S1 , the main barrier of the skin, was markedly higher than R S2 at each age (Figs. 2a, b) . The R S2 value was consistent with the data obtained in the stripped skin in our preliminary experiment. The values of electrical parameters in this study were within the range of those in previous reports of the human and hairless mouse skin. [10] [11] [12] Our results supported the validity of the use of the equivalent circuit in studies of this type. R S1 increased with age (Fig. 2a) . R S1 reflects the properties of pathways for hydrophilic permeants or pore pathways in skin permeation. 11, 12, 23) Skin permeability of diclofenac sodium (DC-Na) and deuterium oxide (D 2 O) were reported to decrease with age.
3) To elucidate the factors involved in age-related changes in R S1 , thickness and water content were measured. An increase in L SC with age was observed (Table  1) . However, the tendency of R S1 /L SC to increase with age ( Fig. 3a) means that the thickness may not be the only factor contributing to age-related differences in R S1 , and the volume of pore pathways or porosity of the skin may decrease with increasing age. A decrease in water content of the stratum corneum with aging was found ( Table 2 ). Similar data have been reported by other investigators. 24) Differential scanning calorimetric studies suggested that the cutaneous water promotes the fluidity of the lipid bilayer and extends the lipid domain among the lipid polar groups. 25) As the stratum In panel (a), R S1 is the resistance of the stratum corneum, C S is the capacitance of the stratum corneum, and R S2 is the resistance of the viable epidermis and dermis. corneum becomes more hydrated, the ion in the stratum corneum can move more freely and is more responsive to an applied electric field. Water content in the stratum corneum may play an important role in the age-related increase in R S1 . In our previous permeation study, the effect of water content on the skin permeation of DC-Na and D 2 O could not be detected, because its effect might be masked by large interindividual variance of permeation data. Further permeation studies using other hydrophilic permeants are required to confirm this effect of water content. R S2 also increased with aging (Fig. 2b) . Increased L VS with aging (Table 1) and constant values of R S2 /L VS at all ages (Fig. 3b) indicate that L VS is a major factor in the age dependency in R S2 . Because R S2 were markedly lower than R S1 at all ages, the age-related changes may not affect permeation profiles through the skin, except in stripped skin, as reported previously. 3) In contrast, C S has a tendency to decrease with aging (Fig.   2c ). It has been reported that the capacitance is due to the insulating properties of the lipid-cellular matrix, 22) and thus reflects the lipid pathway, i.e., the skin permeation route for lipophilic permeants, in the stratum corneum. [10] [11] [12] The decreased C S with aging represents the development of the skin barrier function against lipophilic permeants. We have already reported that the skin permeability of ketoprofen and isosorbide dinitrate is lower at older ages.
3) We thus focused on the two main factors of lipid content and L SC in the agerelated alteration of capacitance. The content of cholesterol, phospholipids, and ceramides and total lipid in the stratum corneum was not significantly different at any age (Table 2) . On the other hand, L SC increased with age (Table 1) , while C S · L SC remained almost constant at all ages (Fig. 3c) . These results strongly suggest that L SC plays an important role in the age-related changes in C S and skin permeation of lipophilic permeants.
In the present study, skin impedance analysis was performed to investigate age-related changes in the skin barrier function in rats. With aging, R S1 and R S2 increased, whereas C S decreased. These findings suggest that skin permeability to both lipophilic and hydrophilic permeants may decrease with age. The discrepancy in R S1 among ages was mainly attributed to the water content in the stratum corneum, whereas the variability in R S2 and C S was primarily due to the thickness of skin strata, as represented by L SC and L VS , respectively. The influence of cutaneous water on R S1 was a primary factor in the age-related changes in the skin barrier function, which was not found in our previous study of skin permeation. 3) In conclusion, impedance analysis may be a useful method to study age-related changes in transdermal absorption. 
